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Abstract

Object—Central nervous system axons regenerate poorly after traumatic brain injury (TBI), partly
due to inhibitors such as the protein Nogo-A present in myelin. The authors evaluated the efficacy
of anti-Nogo-A monoclonal antibody (mAb) 7B12 administration on the neurobehavioral and
cognitive outcome of rats following lateral fluid-percussion brain injury, characterized the
penetration of the 7B12 or control antibodies into target brain regions, and evaluated the effects of
Nogo-A inhibition on hemispheric tissue loss and sprouting of uninjured motor tracts in the cervical
cord. To elucidate a potential molecular response to Nogo-A inhibition, we evaluated the effects of
7B12 on hippocampal GAP-43 expression.

Methods—Beginning 24 hours after lateral fluid-percussion brain injury or sham injury in rats, the
mAb 7B12 or control antibody was infused intracrebroventricularly over 14 days, and behavior was
assessed over 4 weeks.

Results—Immunoreactivity for 7B12 or immunoglobulin G was detected in widespread brain
regions at 1 and 3 weeks postinjury. The brain-injured animals treated with 7B12 showed
improvement in cognitive function (p < 0.05) at 4 weeks but no improvement in neurological motor
function from 1 to 4 weeks postinjury compared with brain-injured, vehicle-treated controls. The
enhanced cognitive function following inhibition of Nogo-A was correlated with an attenuated
postinjury downregulation of hippocampal GAP-43 expression (p < 0.05).

Conclusions—Increased GAP-43 expression may be a novel molecular mechanism of the
enhanced cognitive recovery mediated by Nogo-A inhibition after TBI in rats.
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WIDESPREAD damage to axons and white matter tracts, termed diffuse axonal injury, is an
almost universal finding in cases of mild to severe TBI, and even minor degrees of axonal
injury may contribute to cognitive and behavioral sequelae of brain-injured patients.zl6 This
pathological feature of human TBI has been replicated in clinically relevant animal models of
TBI110,25,38 3ng may contribute to the cognitive and behavioral dysfunction often observed
in brain-injured patients.49

Spontaneous regeneration of axons or rearrangement of fiber tracts is limited following
traumatic injury to the CNS. This limited regenerative response may be linked to insufficient
growth response of surviving neurons to injurg, the presence of factors that inhibit axonal
outgrowth, and/or the presence of a glial scar. 4 Further research has established that myelin
contains factors that may contribute to inhibition of axonal outgrowth, including MAG,
oligodendrocyte—-myelin glycoprotein, and Nogo.17'24 Nogo, MAG, and oligodendrocyte—
myelin glycoprotein all bind with high affinity to the neuronal NgR,Zl*65 which forms a
receptor complex with LINGO-1, p75, and/or TAJ/TROY, a member of the tumor necrosis
factor receptor superfamily, and activates intracellular guanosine triphosphatases, including
RhoA, to mediate axon growth inhibition.98:65 The Nogo-A protein has several components
that are important to its function as an inhibitor of axonal outgrowth, including an extracellular
66-amino acid region common to all isoforms of Nogo (Nogo-66), and a Nogo-A specific
domain.20:44 |n addition, a third active site on the Nogo-A molecule has recently been
demonstrated? that affects mainly fibroblasts, endothelial cells, and smooth muscle cells.
Although Nogo-A was originally believed to be pre-dominantly a product of oligodendrocytes,
it has also been demonstrated in neuronal subtypes. We have recently reported that Nogo-A
expression is increased in both neurons and oligodendrocytes in the ipsilateral cortex, white
matter tracts, hippocampus, and thalamus of rats from Days 1 to 7 after a lateral fluid-percussion
brain injury.35

Promation of axonal outgrowth for the treatment of CNS injury has attracted much interest,
11,32 3nd neutralization of myelin inhibitors enhances regenerative sprouting and axonal
regeneration following injuries such as SCI and ischemia.8 Administration of the mAb IN-1,
shown to bind to and neutralize Nogo—A,16 has consistently improved functional recovery in
models of CNS injury including SCI, CST lesion, and cerebral ischemia.8:19:57 Functional
recovery after a CNS injury and neutralization of Nogo-A by IN-1 have been attributed to
regen%rgtion of severed axonal fiber tracts8:96 or compensatory sprouting from uninjured
tracts.

Growth-associated protein-43 is an important regulator of axonal outgrowth and is increased
in vulnerable brain legions, including the hippocampus, following experimental TB1.10.28 The
increased expression of GAP-43 after TBI is probably beneficial and may represent an intrinsic
attempt by the injured CNS to promote axonal regeneration following TBI.415 Overexpression
of GAP-43 was observed to overcome myelin inhibition and increase dorsal root ganglion
neuron regeneration following SC1.23 The administration of IN-1 was shown to increase the
expression of GAP-43 in the spinal cord of adult rats, suggesting a link between Nogo-A
inhibition and GAP-43 expression.4

As a step toward clinical applicability, novel affinity-purified mAbs to Nogo-A of the IgG1-
subtype (7B12 and 11C7) have been generated44v5 that can be delivered by osmotic
minipumps. The mAb 7B12 has recently been shown to improve functional outcome after
photothrombotic and focal ischemia in rats84 and in SC1,3% and treatment with the Nogo-
inhibitor mAb 11C7 was formerly observed to improve cognitive outcome following lateral
fluid-percussion brain injury in rats without influencing hippocampal cell loss.33 Because the
mechanisms responsible for the improved cognitive outcome observed with inhibition of Nogo-
A following SCI or TBI remain unknown, we evaluated the efficacy of mAb 7B12
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administration on the neurobehavioral and cognitive outcome following lateral fluid-
percussion brain injury, characterized the penetration of the 7B12 or control antibodies into
target brain regions, and evaluated the effects of Nogo-A inhibition on hemispheric tissue loss
and sprouting of uninjured motor tracts in the cervical spinal cord. To elucidate a potential
molecular response to Nogo-A inhibition, we evaluated the effects of 7B12 on hippocampal
GAP-43 expression.

Materials and Methods

Experimental Protocol

Animals were allowed to live for 1, 3, or 6 weeks after sham- or fluid-percussion brain injury.
Outcome measures included behavioral analysis (6 weeks survival only) and histological
analysis according to the experimental design described in Fig. 1. All procedures described
herein were approved by the Institutional Animal Care and Use Committee of the University
of Pennsylvania and were performed in accordance with standards published by the National
Research Council. 43 All animals were housed in pairs with food and water ad libitum on a 12-
hour light/dark cycle. The animals were kept in the colony for 1 week prior to any surgical
procedures.

Animals and Surgery

Eighty-nine male Sprague—-Dawley rats (mean weight 372 + 14 g) were anesthetized using
sodium pentobarbital (60 mg/kg administered intraperitoneally) and surgically prepared for
lateral fluid-percussion brain injury as originally described.39 Briefly, a 5-mm craniotomy was
performed over the left parietal cortex, midway between the lambda and the bregma. The dura
mater was left intact, and a hollow female Luer-Lok fitting was positioned over the craniectomy
and held in place with dental cement. Animals were attached to the fluid percussion device (a
saline-filled cylinder) via the Luer-Lok fitting, and brain injury of moderate severity (3.1 £ 0.2
atm) was produced in 55 rats by injecting a bolus of saline at high pressure into the closed
cranial cavity. After the injury, the Luer Lok was removed, and the skin was sutured. The 34
sham-injured control animals were anesthetized and surgically prepared as previously
described but were not subjected to brain injury. While anesthetized, animal body temperature
was maintained with a thermostatically controlled heating pad maintained at 37°C until the
animals were able to ambulate. The animals were allowed to live for 1, 3, or 6 weeks (Fig. 1).

Infusion of 7B12 and Implantation of Osmotic Minipumps

At 24 hours after brain injury, immediately following the 24-hour composite neuroscore test,
all animals were randomly assigned to receive either highly purified mAb 781244 or a control
IgG mAb (mouse IgG; Chemicon) in 1X sterile, calcium- and magnesium-free phosphate
buffered saline at pH 7.4. The mAb 7B12 was produced against the recombinant
prokaryotically produced Nogo-A fragments 1-979, was monospecific to Nogo-A on Western
blots, and recognized the C-terminal part of the Nogo-A specific region.34 Osmotic minipumps
(ALZET 2ML2), filled with 2 ml mAb solution at 1.75 mg/ml under sterile conditions and
delivering 5 pl/hour for 2 weeks, were attached with a 35-mm-long polyethylene catheter to a
cannula for intracerebroventricular infusion. The pump assembly was primed overnight at 37°
C in 0.9% sodium chloride.

Twenty-four hours after injury, the animals were placed in an induction chamber and
anesthetized with 3.5% isoflurane in O, for 2 minutes and then placed in a stereotactic frame,
where 2.5% isoflurane in O, was delivered through a nose cone. Using a strict aseptic
technique, a subcutaneous pocket was created between the scapulae by blunt dissection. A
ventricular catheter was inserted through a separate bur hole anterior to the craniectomy and
into the left ventricle, using the following coordinates in relation to the bregma: antero-
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posterior-0.8 mm, lateral-1.3 mm, depth-3.8 mm. The catheter was secured to the bone with
tissue adhesive (Vetbond; 3M Corp.), and the wound was sutured after the completion of pump
implantation. Following evaluation of the composite neuroscore at 24 hours postinjury, the
animals were randomized to receive an intracerebroventricular infusion of either 7B12 (27
brain-injured rats, 16 sham-injured rats) or control 1gG (23 brain-injured rats, 18 sham-injured
rats) for as long as 2 weeks. At postinjury Day 14, all animals were reanesthetized with
isoflurane as described earlier, and the pump assembly was removed. The bur hole was closed
with bone wax to prevent cerebrospinal fluid leakage.

Brain Penetration of 7B12 and Control IgG

For immunohistochemical detection of mAb 7B12 and control mouse IgG penetration into
brain tissue, three consecutive coronal brain sections (—2.3, —4.3, and —6.0 mm from bregma)
from brain- or sham-injured animals with 1 and 3 weeks' survival were selected. The sections
were washed in TBS and then treated for 30 minutes with 3% (vol/vol) of 30% hydrogen
peroxide in 50% methanol, rinsed, and placed in 5% normal horse serum in TBS for 30 minutes.
For detection of 7B12 and 1gG, a biotinylated donkey anti-mouse secondary antibody (1:1000;
Jackson) dissolved in blocking buffer was applied and incubated overnight at 4°C. The sections
were then rinsed with TBS and incubated for 1 hour at room temperature with the ABC reagent
(Vector Labs), washed, and developed with diaminobenzidine solution (Vector labs). The
sections were rinsed, mounted, cleared using xylenes, coverslipped, and analyzed using a light
microscope (Nikon Eclipse 8600). Images were captured using a camera (Magnafire).

Behavioral Evaluation

All motor function and cognitive tests were conducted by trained investigators who were
blinded to the treatment regimen and injury status of the animals.

Composite Neuroscore—Animals allowed to live for 6 weeks were subjected to a battery
of neurological motor function tests, the composite neuroscore, at 24 hours and weekly at 1,
2, 3, and 4 weeks postinjury. At 24 hours postinjury, the composite neuroscore was used to
stratify the animals into two equal treatment groups. The composite neuroscore consisted of
forelimb reflex, hindlimb flexion, lateral pulsion, and angle board tests, and a score from 0 to
4 was given for the performance of each task.28 The forelimb reflex test consisted of rapid
introduction of a flat surface to the rat when suspended by the tail. The strength and position
of the forelimbs were examined and recorded. The hindlimb flexion test examined the strength
of a backward extension of the hindlimbs when the animal's tail was lifted and the forelimbs
remained on a hard surface. Lateral pulsion evaluated the animal's ability to resist hand pressure
to move from left to right. The angle board test evaluated the rats' ability to stand on an inclined
plane in a right, left, and vertical position as compared with a baseline performance. Scores
for the angle board test were: 4, above or equal to baseline; 3, 2.5° below baseline; 2, 5° below
baseline; 1, 7.5° below baseline; and 0, 10° or more below baseline. The angle board tests were
averaged across the three positions, and all other tests were added to achieve a maximum
composite neuroscore of 28 points.26

Morris Water Maze Test of Cognitive Function—A blinded observer evaluated
visuospatial learning ability using the MWM paradigm as previously described.#2 The MWM
consisted of a circular tank painted black, 1.8 meters in diameter, filled with water maintained
at a temperature of 24 to 26°C. A black, circular (10-cm diameter) plexiglas platform, onto
which the animals could escape, was submerged 1 cm below the surface of the water and placed
in a standard position (southwest quadrant of the tank). The animals' ability to find the platform
after being introduced at one of four designated entry points (west, north, east, and south) facing
the maze wall was then assessed by subjecting them to 24 training trials over a 3-day interval
(8 trials/day, maximal duration 60 sec per trial) at 4 weeks postinjury. The latencies to reach
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the platform were recorded and averaged for each block of four trials. Seventy-two hours after
the last trial, the animals were evaluated in the MWM for their ability to recall the previously
learned task (memory probe trial). Each animal was allowed 60 seconds to swim in the maze
with the platform removed, while its swim pattern was tracked. The MWM was divided into
specified zones, and a memory score was calculated for each animal by multiplying the amount
of time spent in these zones by a weighting factor according to its proximity to the platform.
These assigned numbers were multiplied by the number of seconds spent in the corresponding
zone and totaled according to a paradigm originally described by Smith and colleagues59 and
used in numerous previous reportsZGv 6 for the assessment of postinjury memory function.
The average of the two trial scores or the first score, if that was higher than the second trial
score, was used as the numeric score for the probe trial. Following each MWM trial, the animals
were placed under a ceramic lamp to avoid a drop in body temperature.

Evaluation of BDA Tract-Tracing

Following cognitive evaluation at 4 weeks postinjury, a randomly selected subset of animals
was flown to the laboratory of Dr. Martin Schwab in Zurich, Switzerland, and assigned to
receive injections of BDA (BDA-10,000 Neuronal Tracer Kit; Molecular Probes) into the
contralateral (right) sensorimotor cortex for evaluation of the reorganization of corticospinal
projections and the number of cervical midline crossings of axon collaterals as previously
described in detail.# The subset of animals consisted of 23 rats; 10 of these rats were from the
sham-injured group (five treated with 7B12 and five with mouse 1gG) and 13 were from the
brain-injured group (seven treated with 7B12, six with mouse 1gG). Briefly, animals were
anesthetized using a combination of subcutaneous Hypnorm (0.3 mg/kg; Roche) and
Dormicum (0.6 mg/kg; Roche) and placed in a stereotactic frame. Pressure injections of 600
nl of a 10% solution of BDA in 0.01 M phosphate buffer (pH 7.4), at a rate of 1 pl/minute were
made into the contralateral sensorimotor cortex (using the coordinates of 0.5 and 2 mm
posterior to the bregma, 2.5 mm lateral to the midline, and 1.5 mm below the surface of the
cortex) through a glass capillary that remained in its position for 2 minutes after the end of the
injection.4 Injection variability was controlled for by blinded randomization of the animals
and postmortem histological verification of needle placement and injection site.

Tokill the animals, all animals received a lethal dose of sodium pentobarbital and transcardially
perfused with 0.9% saline containing 1000 U of heparin/L followed by 4% paraformaldehyde.
The brains were removed and postfixed overnight at 4°C in paraformaldehyde, transferred into
30% sucrose solution for 3 to 4 days, snap frozen, and stored at —80°C. In animals receiving
the contralateral cortical injections of BDA, the spinal cord and brain were removed after
perfusion at 6 weeks postinjury and processed as previously described.4 Corticospinal
projections were quantified by an observer blinded with respect to the treatment and injury
status of the animal. The number of axon fibers crossing the midline in the cervical cord was
counted in 40 consecutive transverse sections using a light microscope at a magnification of
200, beginning at the standard C-4 level and continuing for the subsequent 40 sections (cervical
and lumbar sections to L-3). To correct for injection variability, quantification of the total
number of fibers labeled in the main CST was also performed under light microscopy at a
magnification of 400 in three separate sections at C-3 to generate a ratio of sprouting fibers
per labeled main CST axon for each animal to account for differences in BDA labeling between
individual rats.4

Expression of GAP-43

Brain sections from all animals (one section per animal at bregma —4.5 mm) with 1 week
survival were evaluated as previously described.14 Following quenching of endogenous
peroxidases and blocking nonspecific binding with 5% normal horse serum, the primary rabbit
anti-GAP-43 polyclonal antibody (1:1000; Chemicon) was dissolved in blocking buffer and
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incubated overnight at 4°C. A secondary biotinylated antibody (1:1000, donkey anti—rabbit;
Jackson) was applied for 1 hour at room temperature. Following visualization with ABC
reagent and diaminobenzidine (Vector Labs), the sections were mounted, cleared in xylene and
coverslipped. All immunohistochemical analyses for GAP-43 in the brains from animals with
1-week survival postinjury were performed at the same time point by the same investigator;
the control and injured specimens were prepared under identical conditions in the same batch
runs. Negative controls consisted of sections identically treated although with omission of the
primary antibody. Because stereological methods could not be used on the present material,
we chose to use densitometry to evaluate GAP-43 expression in the stratum oriens, stratum
radiatum, stratum lacunosum moleculare, and inner molecular layer of the CA1 region of the
hippocampus. The CA1 region was chosen based on our earlier work documenting increased
GAP-43 expression with this model of TBI14 and because cells in the CA3 region are
significantly more damaged and less morphologically intact in the lateral fluid-percussion
model of brain injury. Under low-power light microscopy, an image was captured at a
magnification of 40 by a camera (Magnafire), and the exposure time was kept identical for
each image. The borders of each region were traced manually and the pixels per area were then
automatically calculated using an image analysis software routine (MCID/M4) after defining
a threshold for the background that was kept identical for each brain throughout the analysis.
4 The percentage of the evaluated area stained for GAP-43 was determined for each animal,
and data are presented as a percentage change compared with the mean of the sham-injured,
IgG-treated controls as previously described. 14

Loss of Hemispheric Tissue

Animals not subjected to BDA tract-tracing were perfused at 6. weeks postinjury, and selected
for evaluation of loss of hemispheric tissue as previously described for frozen sections.88 This
sample consisted of 17 rats; 10 were in the brain-injured group (five treated with 7B12 and
five with mouse 1gG), and seven were in the sham-injured group (three treated with 7B12 and
four with mouse 1gG). Coronal serial frozen sections (40 pm thick) were cut on a sliding
microtome (Micron Gmbh) and taken every 1 mm from 0.3 mm to —6.3 mm posterior to the
bregma.47 Sections were stained with 0.3% Cresyl violet and imaged using a digital camera
(Imaging Research, Inc.) integrated with a light microscope. The periphery of the contralateral
and ipsilateral hemispheres was traced on each image by an evaluator blinded to the injury and
treatment status of the animals. The area of each hemisphere was calculated using a calibrated
image analysis routine (MCID M4; Imaging Research). Based on previous investigations,
which showed negligible contralateral tissue loss following lateral fluid-percussion injury, the
contralateral hemisphere was used in each section to control for interanimal variation in brain
size.66 Hemispheric tissue loss was calculated as a percentage of the contralateral (uninjured)
hemisphere volume (Vc) using the following formula: [(Vc - Vi)/(Vc)] x 100, in which Vi
represents the volume of the ipsilateral (injured) hemisphere. To calculate hemispheric volume,
areas were integrated over the 8 mm rostrocaudal distance. The mean lesion volume per animal,
based on calculations of two separate series of sections, is presented (to account for possible
tissue shrinkage in frozen tissue).

Statistical Analysis

Data were evaluated for Gaussian (normal) distribution, and parametric data (lesion volume
and memory score) are presented in figures as means + standard deviations (SD), and analyzed
using a two-way ANOVA. If the probability value was less than 0.05, the Neumann—Keuls
post hoc test was performed.

Nonparametric data (composite neuroscore, tract-tracing ratios, GAP-43 ratios) were analyzed
using a Kruskal-Wallis ANOVA and, if significant, were further analyzed using the Mann—
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Whitney U-test for pairwise comparisons. These data are presented as medians + the 75th
percentile range, or as individual data points.

Morris water maze latencies did not follow a Gaussian distribution and were analyzed using
the Kruskal-Wallis ANOVA followed by the Mann-Whitney U-test for each trial block For
clarity, MWM latencies are presented as means + standard error of the means (SEM). A
probability value of less than 0.05 was considered significant. Data were analyzed using
Statistica (StatSoft) and Prizm (Graph Pad Software) software.

Brain injury consistently produced an apnea immediately postinjury (mean 29.3 £ 10 sec). Five
(9%) of 55 animals were excluded due to injury-induced factors (death, apnea more than 60

seconds, or dural breach). In addition, One animal was excluded due to pump infection, eight
animals died following pump removal, and two were excluded due to postinjury weight loss.

Penetration of mAb 7B12 and Control Mouse IgG

By 1 week after both sham and brain injury in animals treated with 7B12 or 1gG, a diffuse,
intense immunoreactive staining for mouse 1gG was observed in widespread brain regions with
a similar pattern of distribution for 7B12 and control 1gG (Fig. 2A). The 7B12 or control
antibodies could both be detected close to the ipsilateral ventricle with a gradient into adjacent
tissue, extending into the contralateral side with more intense staining in the anterior part of
the brain (data not shown). In all animals, 1gG staining was observed in the external capsule,
thalamus, and hippocampus, whereas no staining or only faint staining was observed in cortical
tissue. Compared with sham-injured controls, brain-injured animals showed enhanced 1gG
accumulation in the external capsule and lesion area, ipsilateral to the injury. By 3 weeks
postinjury, immunoreactivity for both 1gG and 7B12 was still detectable in approximately 50%
of the brains regardless of injury status (Fig. 2B). The IgG immunoreactivity persisted mainly
in the periventricular region, external capsule, and hippocampus ipsilateral to the injury, and
was more marked in anterior sections close to the infusion site. In a subset of brains, evidence
of cellular penetration of 7B12, but not control 1gG, was observed within the external capsule
(data not shown). These results suggest that the infusion of 7B12 or control IgG reached
vulnerable brain regions and that the immunoreactivity persisted up to 3 weeks postinjury (1
week following termination of infusion) in important brain regions and white matter tracts.

Behavioral Evaluation

Composite Neuroscore—At 24 hours postinjury, a significantly lower composite
neuroscore was observed in brain-injured animals when compared with sham-injured animals
(p <0.05; Fig. 3). These scores were used to stratify the animals into treatment groups (median
composite neuroscore of 9.5 for 7B12-treated, brain-injured animals compared with 10.0 for
brain-injured, 1gG-treated animals). At 24 hours and at 1, 2, and 4 weeks postinjury, brain-
injured animals, irrespective of treatment status, had a significantly lower composite
neuroscore than sham-injured animals (p < 0.05; Fig. 3). No significant differences in
composite neuroscore were observed among the 7B12-and IgG-treated groups from 24 hours
to 4 weeks postinjury.

Cognitive Function—Brain-injured animals, irrespective of treatment status, had longer
latencies to reach the platform of the MWM at 4 weeks postinjury (p < 0.05; Fig. 4, upper).
The results from the probe trial showed that brain-injured animals had significantly lower
memory scores than sham-injured controls (p < 0.05; Fig. 4, lower). The 7B12-treated, brain-
injured animals had significantly improved memory scores when compared with brain-injured,
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IgG-treated controls (p < 0.05; Fig. 4, lower). No differences in swim speed or swim distance
were observed among the treatment group (data not shown).

Sprouting of Uninjured CST Axon Collaterals

Lateral fluid-percussion brain injury, regardless of treatment status, induced significant
sprouting of unlesioned axon collaterals (at C-4) across the midline, expressed as a ratio of
axon collaterals per labeled axon in the main CST (p < 0.05; Fig. 5). Treatment with 7B12 did
not significantly alter CST sprouting when compared with IgG-treated, brain-injured controls
(Fig. 5A).

Expression of GAP-43

The immunoreactivity of GAP-43 was observed in the stratum oriens, stratum radiatum,
stratum lacunosum moleculare, and inner molecular layer regions of the ipsilateral (injured)
hippocampal CA1 subfield of sham- and brain-injured animals (Fig. 6A and B) as previously
described; 14 there was no visible staining in the negative controls (data not shown).
Densitometry analysis showed that 7B12-treated, brain-injured animals had a significantly
higher mean GAP-43 expression in the CA1 subregion than brain-injured, vehicle-treated
controls (p < 0.05; Fig. 6C).

Loss of Hemispheric Tissue

Fluid-percussion brain injury induced a significant loss of hemispheric tissue in vehicle-treated
animals compared with sham-injured controls (p < 0.05; Fig. 7). Administration of 7B12 did
not alter the extent of hemispheric tissue loss following TBI compared with 1gG-treated, brain-
injured controls (Fig. 7).

Discussion

In the present study, we show that the administration of the novel anti-Nogo-A mAb 7B12,
beginning 24 hours and continuing for 2 weeks postinjury, improved cognitive outcome
following fluid-percussion brain injury. Unlike previous reports, we present convincing
mechanistic data suggesting that significant penetration of 7B12 antibody occurs into target
brain areas such as the ipsilateral hippocampus, cortex, and white matter tracts following
intracerebroventricular administration into the traumatized brain. We also provide evidence
for a novel molecular mechanism for the cognitive recovery mediated by Nogo-A inhibition,
by showing that treatment with mAb 7B12 significantly increased the expression of GAP-43
in the hippocampal CA1 region at 1 week postinjury.

We chose the intracerebroventricular route of administration of anti-Nogo-A antibodies based
on previous reports of experimental stroke, spinal cord injury, and TBI 2,33,64 i which no
negative toxic or behavioral effects have been observed. Because 7B12 is rapidly cleared from
cerebrospinal fluid, a continuous infusion is needed, and the concentration and volume in
combination with a limited diffusion within brain tissue excluded the possibility of
intracerebral administration of 7B12. Anti-Nogo-A antibodies will not penetrate into brain
tissue in sufficient concentration when administered systemically, and extensive preclinical
evaluation, including good laboratory practice safety and toxicity testing in monkeys, has
demonstrated a low toxicity following intrathecal infusion (AK Mir, personal communication,
2006). Our observations suggest that the 7B12 antibody is distributed with a gradient from the
infusion site and is capable of penetrating into injured brain regions that may be critical for the
plasticity observed following cortical lesions and neutralization of Nogo-A.zg!46 Also, mAb
7B12 (or control mouse IgG) was found to penetrate into areas such as the cortex, external
capsule, hippocampus, and thalamus, areas that have been recently reported to show marked
up-regulation of Nogo-A in rats within the first week after fluid-percussion brain injury.35
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Although a direct comparison between the degree of mAb penetration and the degree of
functional recovery cannot be achieved using the present study design, our data suggest that
prolonged neutralization of Nogo-A has beneficial effects on the process causing neurological
recovery after TBI. Interestingly, mAb 7B12 has recently been shown to bind to both white
and gray matter and to internalize, together with the bound Nogo-A, into neurons and
oligodendrocytes from which they are delivered to lysosomes. Following intrathecal infusion
gg mADb 7B12, the tissue levels of Nogo-A in the spinal cords of intact rats were reduced. 34,

The Nogo-A inhibitory mAb IN-1, an antibody of the IgM/x subclass, has been evaluated in
other models of CNS injury and has frequently been delivered into the CNS via implanted
antibody-producing hybridoma cells with concomitant immunosuppression. Although these
techniques may cause tumor growth and |mmunolog|cal problems and result in poorly
controlled production and secretion of the antlbody, the present study suggests that the
affinity-purified 1gG antibody and the use of minipumps is a safe and effective delivery method.
Although the stereotactic placement of cannulae into the injured hemisphere may be considered
an additional injury, our vehicle-treated controls also had cannulae implanted in an identical
fashion to control for these effects.

Although we did not detect an improvement in neurological motor function following TBI and
Nogo-A inhibition, other investigators have observed functional motor recovery from 4 to 8
weeks after cerebral ischemia and IN-1 treatment, although not at earlier time points.46 Itis
therefore possible that longer observation periods may have revealed additional beneficial
efficacy on gross motor function. Differential sensitivity for Nogo-A neutralization on the tests
for motor function34 or different molecular targets may also contribute to these findings.
Improvement of neurological motor function following inhibition of Nogo-A has also been
observed following SCI, stroke, pyramidotomy, and CST lesions, even when administered as
long as 1 week postinjury, and has been correlated with regeneration of severed fibers or
increased sprouting from uninjured CSTSs. 57 In addition, investigators in previous reports have
suggested that not all neuronal subpopulations respond to inhibition of Nogo-A or NgR. 31,

St may be argued that the tests of motor function used in the present report represent a
reflexive motor taskZ6 that depends on a functional CST, which has been shown to be
insensitive to NgR inhibition. 1 Because inhibition of MAG has recently been shown to
improve motor outcome following fluid-percussion brain injury in rats, 61 there may also be a
redundancy among the myelin inhibitors in important motor tracts, thereby reducing the
efficacy of Nogo-A inhibition.

In the present study, lateral fluid-percussion brain injury caused increased sprouting of axon
collaterals from the uninjured CST that may be linked to the gradual but incomplete functional
recovery observed in the lateral fluid-percussion brain injury model.#8 Treatment with 7B12
was not associated with significantly increased sprouting of uninjured fiber tracts at 6 weeks
postinjury. In a study using a similar tract tracing method after focal cerebral ischemia and
administration of 7B12, an increased number of CST fibers crossing the midline and originating
in the unlesioned sensorimotor cortex was observed 9 weeks after focal cerebral ischemia.®
Following neutralization of Nogo-A, increased corticostriatal plasticity has also been observed
after cerebral ischemia. 46 Sprouting of uninjured tracts following a unilateral CST lesion and
IN-1 treatment has been shown to be transient (returning to baseline by 6 Weeks) and marked
reorganization of the contralateral uninjured cortex has also been demonstrated following a
cortical cut lesion and IN-1 treatment. 13 Although we did not observe an increase in CST
sprouting following 7B12 administration, the optimal target when evaluating BDA tract tracing
and sprouting from injured white matter tracts has not been determined for TBI models. As an
example, mice deficient in Nogo-66 receptor showed increased regeneration of raphespinal
and rubrospinal tracts following SCI, whereas the CST did not regenerate, suggesting a
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differential sensitivity to myelin inhibition between motor tracts.34 We cannot exclude the
possibility that sprouting, facilitated by Nogo-A inhibition, occurs in regions and neuronal
systems other than the upper cervical spinal cord or that sprouting may have been present at
other time points postinjury.

In the present report, we observed that inhibition of Nogo-A improved cognitive performance
in an MWM paradigm. To our knowledge, these data are the first to demonstrate cognitive
efficacy following brain injury and Nogo-A inhibition using 7B12, which belongs to a new
generation of purified, monoclonal anti-Nogo-A antibodies. The involvement of the
hippocampus in cognitive processes is now well established. The direct monosynaptic pathway
from the CA1 and subiculum to the prefrontal cortex can express different forms of plasticity,
including long-term potentiation and long-term depression, and is involved in specific aspects
of learning and memory consolidation.L It has been suggested that Nogo-A contributes to
thpocampaI pathology following kainic acid—induced seizures and perforant pathway lesions,
40,41 ang regeneration of lesioned acetylcholine-positive seé)tohippocampal axons has been
noted after IN-1 treatment following fimbria/fornix lesions.

Together, available data suggest that Nogo-A may be involved in the development of
posttraumatic hippocampal pathology and that inhibition of Nogo-A may increase recovery of
hippocampal function after TBI although the underlying molecular mechanisms remain
elusive. Hippocampal plasticity has been demonstrated to occur following experimental TBI,
30,54 pyt no previous reports have evaluated the effect of myelin inhibitors on posttraumatic
plasticity. To evaluate a possible 7B12-mediated mechanism of cognitive recovery, we next
evaluated CA1 hippocampal expression of neuronal GAP-43, an intrinsic determinant of
neuronal plasticity 95 and a molecular indicator of axonal plasticity in the CNs.10,14,28,
62 The protein GAP-43, concentrated at growth cones and suggested to play an important role
in axonal outgrowth, has been well characterized as an intracellular membrane-associated
phosphoprotein, present in neuronal connections during synaptic remodeling and neuronal
sprouting. 2 To our knowledge, GAP-43 is solely expressed in neurons in the adult rat brain.
Increased GAP-43 expression has been postulated to correlate with behavioral recovery
following TBI.28 Overexpression of GAP-43 and cytoskeletal-associated protein-23 markedly
enhanced spinal cord axon regeneration in vivo,” and mice that overexpressed GAP-43 showed
increased sprouting of adult Purkinje cells.23 Evidence for the role of GAP-43 in hippocampal
plasticity was strengthened by a study showing a role in synaptic remodelling in the denervated
rat hippocam us.3 Additionally, mice overexpressing GAP-43 show increased neuronal
sprouting,?”2 learning, and long-term potentiation.5 In contrast, hippocampal-dependent
memory is impaired in heterozygous GAP-43 knockout mice.

We found a higher GAP-43 expression in the CA1 region of the hippocampus in brain-injured
animals at 1 week postinjury compared with mouse 1gG-treated controls. Inhibition of Nogo-
A and Rho, downstream effectors of Nogo-66/NgR signaling, has previously been shown to
increase GAP-43 expression or mRNA following unilateral pyramidotomy and spinal cord
injury.A'v12 A change in GAP-43 expression has been observed following lateral fluid-
percussion brain injury in the CA1 region of the hippocampus.11 Growth-associated protein-43
may be an important promoter of axonal outgrowth following CNS injury.15

Because the expression of GAP-43 was evaluated at 1 week postinjury, in contrast to the
cognitive tests at 4 weeks, a direct correlation between immunohistochemistry and behavior
cannot be performed. Because increased and/or sustained GAP-43 expression may be related
to enhanced intrinsic recovery mechanisms and may be an additional mechanism of
overcoming myelin inhibition of axonal outgrovvth,l&23 it appears that the early increase in
GAP-43 may contribute to the cognitive recovery observed in the present report. Although
neuroprotective effects were not observed following TBI and 7B12 administration, we cannot
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exclude the possibility that earlier initiation of treatment might have generated more beneficial
results. Further studies are needed to establish the putative neuroprotective properties of Nogo-
A inhibition in TBI.

Conclusions

In the present study, we reported that treatment with the Nogo-A neutralizing antibody 7B12,
beginning at a clinically relevant time point postinjury, increased regional expression of
GAP-43 protein, believed to be associated with synaptic plasticity, and significantly improved
the cognitive outcome following experimental brain trauma. These novel observations suggest
that Nogo-A may be an important contributor to the pathophysiology of TBI, and treatment
strategies targeting Nogo-A may be a suitable approach for further development into the
clinical stage.
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Fig. 1.

Graph of the experimental design. Animals were allowed to live for 1, 3, or 6 weeks after sham
or brain injury. Behavioral analysis was performed in animals with 6—week survival only.
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Fig. 2.

Photomicrographic examples of 7B12 penetration in brain-injured animals after either 1 (A)
or 3 (B) weeks of survival. A: At 1 week postinjury, marked bilateral immunoreactivity for
IgG was observed, including both hippocampi. B: At 3 weeks postinjury, less marked
immunoreactivity for IgG was observed, although still clearly present in the cortex and white
matter tract ipsilateral to the injury. An area without immunoreactivity for mouse IgG is also
shown (+). Original magnification x 10.
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Fig. 3.

Bar graph comparing the composite neuroscore (medians + 75th percentile) among the
treatment groups. The maximum achievable score was 28. The results at 24 hours were used
for stratification into treatment groups. Following initiation of treatment, brain-injured,
vehicle-treated animals had consistently lower composite neuroscores than sham-injured
controls. *p <0.05; p =0.05 at 2 weeks postinjury. There were no significant differences among
the 7B12- and 1gG-treated groups. Inj = brain-injured.
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Fig. 4.

Line graph (upper) and bar graph (lower) showing the MWM trial latencies and memory scores,
respectively. Upper: At 4 weeks postinjury, brain-injured, vehicle-treated animals had
significantly longer latencies to reach the MWM platform compared with sham-injured,
vehicle-treated controls (*p < 0.05). Treatment with 7B12 consistently resulted in shorter
latencies when compared with 1gG treatment in brain-injured controls. Lower: Three days after
the last trial, animals were evaluated in the MWM for their ability to recall the previously
learned task (memory probe trial). Sham-injured, vehicle-treated (*p < 0.05) and 7B12-teated
animals (Tp < 0.05) both had significantly higher memory scores when compared with brain-
injured, vehicle-treated animals.
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Fig. 5.

Graph (A) and representative photomicrographs (B and C) of the sprouting of uninjured CST
axon collaterals. A: Comparison of the ratio of midline crossing fibers to the total number of
labeled axons in the CST, ipsilateral to injury (medians). Fluid-percussion brain injury induced
a significant increase in the ratio of midline crossing fibers, regardless of treatment status of
the animals. Brain-injured, 7B12-treated animals had a slightly higher ratio when compared
with brain-injured, vehicle-treated controls (p = 0.09). B and C: Images showing BDA labeling
in the contralateral CST from a sham-injured (B) and brain-injured (C) animal are shown.
Midline crossing (sprouting) axonal profiles in B and C are indicated by black arrows, and the
decussating CSTs are indicated by white open arrows. Original magnification x 200.
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Fig. 6.

Representative photomicrographs (A and B) and bar graph (C) showing the results of the
expression of GAP-43. A: Images showing a highly differentiated laminar pattern of GAP-43
expression at 1 week postinjury in the stratum oriens (SO), stratum radiatum (SR), stratum
lacunosum moleculare (SLM), and inner molecular layer (IML) of the CAL region of the
hippocampus, a brain region with high GAP-43 expression. The three images were obtained
in a sham-injured, vehicle-treated animal left, a brain-injured, vehicle-treated animal center,
and a brain-injured, 7B12-treated animal right. Bar = 500 pm. B: Representative high-power
image from the hippocampal CAL area of a brain-injured, 7B12-treated animal. Staining was
more marked in the axonal and dendritic layers than in the neuronal cytoplasm. Inset shows
some neurons (arrows) with GAP-43 immunoreactivity in the soma and axon hillock. Bar =
50 um, 20 um (inset), C: Graph showing GAP-43 expression relative to sham-injured controls,
evaluated by densitometry, in the CAL region of the hippocampus at 1 week postinjury. The
7B12-treated, brain-injured animals had a significantly higher GAP-43 expression (1 p <0.005)
than the brain-injured, vehicle-treated animals (1gG).
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Fig. 7.

Bar graph showing the loss of hemispheric tissue ipsilateral to the fluid-percussion brain injury
at 6 weeks postinjury. Brain injury, regardless of treatment status, caused a marked loss of
hemispheric tissue (*p < 0.05) when compared with sham-injured, vehicle-treated controls
without significant differences among the brain-injured groups.
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